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The proteomes and glucosinolate content of two commercial rapeseed meals produced by cold-pressing and pre-press solvent extraction were investigated with the aim of identifying process-related differences between them.  One-dimensional protein electrophoresis of the meals and their corresponding protein isolates revealed similarities in protein band distribution between cold-pressed and pre-press solvent extracted samples.  Two-dimensional protein electrophoresis coupled with mass spectrometry confirmed that the seed storage protein cruciferin was the major protein in both meals either intact or in the form of α- and β- polypeptide subunits.  HPLC analysis indicated that cold-press meals contained significantly higher amounts of glucosinolates than the solvent-extracted meals.  Progoitrin was the main glucosinolate detected irrespective of the processing method used for extraction and levelled to 2.52 g/kg and 1.25 g/kg for cold-pressed and solvent–extracted meal respectively.  Furthermore, glucosinolate-free protein isolates were prepared from this by-product of the oil production industry.

PRACTICAL APPLICATIONS
The rapeseed meal of Brassica origin is a good source of protein but glucosinolate content limits its potential applications to animal feed.  It is accepted that the oil production method can affect the nutritional composition of the meal produced because of the varying oil extraction conditions.  In this study, significant differences were detected between the amounts of glucosinolate in cold-pressed and solvent-extracted meals, whereas protein content remained relatively unaffected.  The protein isolates prepared from rapeseed meals were free of glucosinolates regardless the extraction method.  The findings of this study provide preliminary nutritional information of rapeseed protein isolate for potential applications as a food ingredient for animal and human consumption.
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INTRODUCTION
Food security issues related to the sustainability of the current food supply arrangements indicate that plant protein products may become pivotal in food preservation and waste reduction.  Rapeseed (Brassica napus L. and Brassica rapa L.) is an economically important crop worldwide, mainly grown for its oil content which is a good source of monounsaturated fatty acids.  It also has major potential as a food as the seed contains dietary fibre and high biological value protein.  The by-product of the oil extraction process is a protein-rich meal (35-40% w/w), which is currently not suitable for human consumption (Chabanon et al. 2007).  The presence of undesirable dietary components, commonly known as anti-nutrients, such as glucosinolates restricts its applications to animal feeds and fertilisers (Purkayastha et al. 2014).  Glucosinolates are indirectly responsible for the deleterious effects on thyroid function and growth of humans and animals, caused by their derivative products, such as thiocyanate anions, vinyloxazolidinethiones, and isothiocyanates (Burel et al. 2001).
There are two main industrial processes commonly used for rapeseed meal production.  Pre-pressed solvent extraction involves crushing the rapeseed and extracting the oil from the meal with a solvent, usually hexane.  Alternatively, rather than using a solvent the seed may be expelled twice to extract the residual oil, a process termed double (or cold) pressing.  Processing methods for extracting oilseed proteins impacts on composition and functionality (Aluko and McIntosh 2001; Krause et al. 2002).  For example, studies (Tripathi and Mishra 2001) indicate that the processing temperatures used for oil extraction may not only affect the amino acid bioavailability but also the total glucosinolate metabolite content of the resulting meals.  In addition inactivation of myrosinase by mild heating may reduce the formation of glucosinolate derived isothiocynates (Jensen et al. 1994). 
The main objective of this study is to compare the proteome and glucosinolate content of rapeseed meals derived from different oil extraction processes and to provide preliminary data on rapeseed protein isolate for potential applications as a food ingredient.

MATERIAL AND METHODS
Materials standards and reagents




Moisture (945.38 B), ash (900.02 A) and fat content (945.38 F) of the de-oiled rapeseed meals were determined in accordance with the standard methods of AOAC International (2000).  Crude protein content (N X 6.25) was determined by the generic combustion method (992.23) of AOAC International (2005) and dietary fibre (non-starch polysaccharides) was determined with the Englyst method (Englyst et al. 1992).  Total carbohydrate was hydrolysed in acid solution to break down starch and other carbohydrates and the released glucose was determined colorimetrically by a glucose oxidase procedure (Rosevear et al. 1969). 

Preparation of rapeseed meal protein isolates (RMPI) 
RMPI was prepared according to the method described by Klockeman et al. (1997) with minor modifications.  Briefly, rapeseed meal was dispersed in distilled water (1:20, w/v) and the pH was adjusted to 10 with 1M NaOH to solubilise the proteins. The dispersion was stirred at 25 °C for 2 h followed by centrifugation (4000 x g) for 30 min.  The supernatant was filtered with cheesecloth and the pH of the filtrate was adjusted to 5 with 1M HCl to precipitate the proteins.  The mixture was again centrifuged (4000 x g) for another 30 min and the resultant precipitate re-dispersed in distilled water (adjusted to pH7) to solubilise the proteins.  Re-suspended precipitates were frozen overnight (-70 °C) and freeze-dried to produce a RMPI powder (61.2% and 77.6% for CP and SE respectively).

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 
SDS-PAGE was carried out according to the method described by Laemmli (1970) using a Mini-Protean® 3 electrophoresis cell unit (Bio-Rad).  Proteins were analysed on a 4-20% Mini-Protean® TGX™ precast gel.  The migration buffer contained 25 mM Tris, 192 mM glycine and 0.1% SDS (pH 8.3).  RMPI stock solution was diluted (X2) with dH2O and was then dispersed in an equal volume of sample buffer (31.5 mM Tris-HCl, pH 6.8, 10% glycerol, 1% SDS, 0.005 % Bromophenol Blue).  Samples were heat-denatured at 100 °C for 2 min and 10 μl of each sample were loaded on the gel.  SDS-PAGE (non-reducing conditions) was carried out without the addition of 2-mercaptoethanol (50μl/ml).   Electrophoretic migration was performed at 150 V (constant) for 40 min.  The gel was stained with Coomassie Brilliant Blue R-250 staining solution for 1 h with gentle agitation and destained for 2 h.  The gel was scanned with a GS-800™ calibrated densitometer (Bio-Rad).

Proteomics
RMPIs were separated by two-dimensional (2-D) gel electrophoresis using a BioRad (Hemel Hempstead, UK) immobilized pH gradient (IPG) 17 cm strips, pH 3–10, for the separation of the proteins in the first dimension.  SDS-PAGE was performed on 18 × 18 cm acrylamide gradient (8–16%) gels for the separation of proteins in the second dimension.  Spots were excised from the gel using a robotic spot cutter (Bio-Rad) and trypsinised using a MassPrep Station (Waters, Micromass, Manchester, England).  Samples from 2-D PAGE gels were analysed using a nano LC system (LC Packings, Camberly, Surrey, UK) consisting of an ‘Ultimate’ nano LC system, with a column flow rate of 0.3 mL/min, a ‘Famos’ autosampler set to an injection volume of 10 mL, and a ‘Switchos’ microcolumn switching device.  The nanocolumn was a C18 PepMap 100, 15cm_75 mm id, 3 mm, 100A ° (LC Packings).  HPLC-grade solvents comprised 2% acetonitrile and 0.1% formic acid (A), and 80% ACN and 0.08% formic acid (B).  The gradient started at 50% B, increasing to 95% B over 42 min, held for 5 min, then back to 50% B over a further 13 min.  The MS was performed using a Q-Trap (Applied Biosystems/MDS Sciex, Warrington, Cheshire, UK) triple quadrupole fitted with a nanospray ion source, where Q3 was operated as a linear ion trap.  The nanospray needle voltage was set at 2800 V.  The collision energy was compound dependent (set to a maximum of 80 eV).  The total ion current data were submitted for database searching using the MASCOT search engine (Matrix Science, London, UK) using the SWISSPROT database with the following search criteria: allowance of zero or one missed cleavages; peptide mass tolerance of ±1.5 Da; fragment mass tolerance of ±1.5 Da, trypsin as digestion enzyme; carbamidomethyl fixed modification of cysteine; carboxymethyl of cysteine and methionine oxidation as variable modifications and charged states as 2+ and 3+.  For protein identification a minimum of two unique peptides with an individual anion score >36 were required, which is indicative for identity or extensive homology (p<0.05).

Glucosinolate extraction
The glucosinolates were analysed in their intact form after extraction from the rapeseed material. The extraction method was adapted from the methods described by Kaushik et al. (1999) and Williams et al. (2009). Briefly, approximate 0.1g sample (rapeseed meal and rapeseed protein isolate) was extracted with 4 ml of boiling water and placed for 15 on a boiling water bath. The extracts were centrifuged (4000 x g) for 10 min. The supernatants were filtered (0.2 µm) and analysed by HPLC. All the extracts were performed in triplicate.

HPLC-DAD analysis and quantification of the intact glucosinolates
The quantification of the glucosinolates was performed using a 1260 Infinity HPLC from Agilent (Wokingham, UK) equipped with a quaternary pump, a diode array detector, a thermostated autosampler and a column oven. A Synergi 4 µm Hydro-RP 80A (250x4.6mm) column was used with a Polar-RP 4x3 mm pre-column both from Phenomenex (Macclesfield, UK). The DAD spectra were recorded between 200 and 700 nm and the chromatograms were monitored at 229 nm for detection of glucosinolates.  For the HPLC separations the following solvents were used: A: 0.05M KH2PO4 pH 2.3 and B: acetonitrile. The column temperature was constant at 25 °C. The gradient program was as follows: 0-6 min, 100 % A; 6-35 min, 100-67% A ; 35-36 67-30% A, 36-42min 30% A; 42-43min, 30-100%A; hold at 100% A for another 12 minutes. The flow of the mobile phase was 1.0 mL/min. The injection volume was 20µL and the autosampler thermostat at 4 °C.  The separation and quantification of glucosinolates was performed using external standardisation with progoitrin (r2=0.9997, LOD=10.41µg/mL), gluconapin (r2=0.9998, LOD=8.45µg/mL), glucobrassicanapin (r2=0.9995, LOD=12.72µg/mL), glucobrassicin (r2=0.9907, LOD=63.82µg/mL), glucoerucin (r2=0.999, LOD=18.89µg/mL), glucoraphanin (r2=0.9999, LOD=6.48µg/mL), glucoiberin (r2=0.9996, LOD=11.11µg/mL), (-) sinigrin (r2=0.9996, LOD=10.55µg/mL).

Statistical analysis
	All analyses were carried out in triplicate and results are given as the mean of 3 measurements ± standard deviation.  Experimental data were analysed using the IBM® SPSS® Statistics 23 programme (IBM Corporation. Somers, NY). Statistical procedures included univariate analyses of variance (ANOVA) using the general linear models procedure, followed by the Scheffe’s post hoc test to identify significant differences between groups. Statistical analyses were performed using the t-test to identify significant differences between the cold-pressed and the solvent-extracted samples.  A probability level of less than 5% was considered statistically significant.
 
RESULTS
The CP and SE rapeseed meals were similar in total carbohydrate and fibre composition but showed significant variability in the fat (P=4.1x10-9) and protein (P=3x10-2) content (Table 1).  
One-dimensional electrophoresis (SDS-PAGE) of rapeseed meals revealed similarities in the protein bands between the two samples (Figure 1).  Under non-reducing conditions, mature cruciferin molecules appeared in the range of 48 to 56 kDa, depending on the protomers (α- and β- subunits) composing the primary structure (Figure 2).  Upon reduction, the disulphide bond between α- and β- polypeptides is cleaved resulting in the disappearance of the intact molecule and the enhanced visualisation of the heavy α- (acidic, Mr ~30 kDa, 254 to 296 amino acids) and light β- (basic, Mr ~20 kDa, 189 to 191 amino acids) polypeptide chains.  
 	High resolution 2-D electrophoresis of proteins from RMPIs revealed approximately 100 spots for both processing methods (SE and CP).  The 97 most intense spots were excised from gels of each method (58 and 39 for CP and SE, respectively), digested with trypsin and analysed by LC-MS/MS.  Table 2 presents the total number of spots (40) identified from both sets of gels.  Specifically, 23 proteins were identified from CP protein isolate and 17 proteins from the SE protein isolate.  With respect to CP protein isolate proteome, spots 12, 13, 14 and 15 corresponded to α-polypeptide chains (27-35 kDa) whereas β-polypeptide chains were separated in a range between 18 and 21 kDa (Figure 3).  A similar pattern with respect to protein separation was observed for the SE protein isolate gel (Figure 4).   Spot 11 corresponded to the α-chain of CRU4 and the remaining identified spots belonged to β-chains of the cruciferin molecule.  Spot 17 was identified as CRU4, indicating that the non-reduced cruciferin molecule (~54 kDa) is also present.  β-polypeptide chains showed a very diverse pI range (4.6-8.5), whereas α-chains have isoelectric points between 5.4 and 8.0.  
Considerable amounts of the three classes of glucosinolates were detected in both CP and SE rapeseed meals (Table 3). Progoitrin was the main glucosinolate found in both CP (2.52±0.16 g/kg) and SE (1.25±0.17 g/kg) rapeseed meal followed by gluconapin and glucobrassicanapin.  The content and glucosinolate species distribution is in agreement with previous studies on oil seed rapeseed cultivars (El-Beltagi and Mohamed, 2010).  None of the above glucosinolates were detected in the corresponding protein isolates.

DISCUSSION
In agreement with previous studies numerous protein bands with a molecular mass between 53 and 18 kDa, were identified which corresponded to cruciferin and its subunits (Wanasundara 2011).  Cruciferin is a 12S legumin-type globulin and constitutes about 60% of the B. napus seed protein at maturity (Crouch and Sussex 1981).  The precursor molecule is synthesised in the rough endoplasmic reticulum and the storage protein serves its biological role as a source of nitrogen and amino acids for the germinating embryo during the seed filling process (DeLisle and Crouch 1989).  
The proteomic analysis revealed that most spots corresponded to the polypeptide subunits of the cruciferin molecule.  Five different isoforms of B. napus cruciferins are listed in the reviewed UniProtKB database: CRU1_BRANA (490 amino acids; gene BnC1), CRU2_BRANA (496 amino acids; gene BnC2), CRU3_BRANA (509 amino acids; gene CRU1), CRU4_BRANA (465 amino acids; gene CRU4) and CRUA_BRANA (488 amino acids, gene CRUA syn CRU2/3).  In addition to the known cruciferin protein, this proteomic approach revealed the presence of a protein annotated as heat shock HSP7E protein from A. thaliana (spot 23) in CP.  The identification of proteins involved in plant heat regulation in oil bodies from B. napus cultivars has been documented (Katavic et al. 2006).  The multiple isoelectric species of α- and β- polypeptides identified in this study are likely to be isoforms resulting from post-translational modifications.  According to Nietzel et al. (2013) more than 30 distinct forms of cruciferin with extensive pI variations were identified by mass spectrometry.   However, both α- and β- chains were more basic (6.7-8.8 for α- and 5.9-9.5 for β- chains) compared with those observed in the present study.  Although previous studies have shown that cruciferin is one of the most phosphorylated proteins in A. thaliana, the number of known isoforms may exceed the predicted number based on the phosphorylation site heterogeneity (Wan et al. 2007).  CRU3 was only identified in spots derived from SE protein isolates, which could be attributed to genetic differences of the crop cultivars.  
The conditions used in the oil extraction process are known to affect the total glucosinolate content of the meals.  Tripathi and Mishra (2007) found that solvent-extracted meals contained higher amounts of glucosinolates than expeller extracted meals.  However, this processing effect is not supported by the present study.  Progoitrin (P=7.9x10-4) and glucobrasssicanapin (P=3.8x10-3) contents were significantly higher in cold-press extracted compared with solvent-extracted rapeseed meal.   Such disparity between studies may be due to seasonal variations or use of genetically different cultivars (Rosa 1997).  The amounts of glucosinolates in all of the protein isolates were below the detection limits, suggesting substantial endogenous myrosinase degradation during the preparation process.  Furthermore, the protocol used for protein isolation may also impact on the depletion of glucosinolates from the final product.  Water treatments such as soaking and water extraction are among the most effective methods for reducing the glucosinolate content of rapeseed meals (Tripathi et al. 2000; Tyagi, 2002).  Protein fractions isolated from rapeseed cultivars with a naturally low content of glucosinolates have been shown to contain glucosinolate levels below detection limits, suggesting that the isolates can potentially be used for human consumption (EFSA 2013).  The oil extraction process is also known to affect the glucosinolate metabolite content in rapeseed meal (Bourdon and Aumaitre 1990) and therefore additional work is required to investigate the presence of such anti-nutrient components in RMPI.  
The nutritional quality of rapeseed products depends largely on their protein levels and anti-nutritional factors such as glucosinolates, tannins, phytic acid, sinapinic acid and indigestible carbohydrates (Francis et al., 2001; Mawson et al., 1995).  The findings of this study indicate that the protein content of rapeseed meal is not affected by the method used for oil extraction.  The total glucosinolate content of CP and SE rapeseed meals (3.65g/kg and 2.17g/kg, respectively) is the main obstacle for their implementation in human diet.  At the moment defatted rapeseed meal is mainly used as a protein source in livestock and aquaculture industries (Uruakpa and Antfield, 2005).  On the other hand, recent studies indicate that rapeseed proteins, in addition to the balanced amino acid profile, may also have functional properties which can be commercially exploited to an industrial level (Yoshie-Stark et al., 2008).  Thus, rapeseed meal may be a valuable source for the isolation of high-quality protein for applications in the food processing industry as a good alternative to other plant or animal protein sources (Tan et al., 2011).  The significant reduction in glucosinolate content in rapeseed meal protein isolates suggests that wider implementation of this by-product in animal and human diets may be possible, provided that toxic degradation products are not present.
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 Chemical composition of the cold-pressed (CP) and solvent-extracted (SE) rapeseed meals























Protein identification of 2-D gels spots from B. napus cv. Cold-pressed and cv. Solvent-extracted rapeseed meals
Protein name	Species	Theoretical Mass/pI	          Cold-pressedSpot   Score    Peptide Coverage (%)	         Solvent-extractedSpot Score Peptide Coverage (%)
Cruciferin CRU4	BRANA	51630/7.70	   1      178           7           10	           1          	138       2             7
Cruciferin CRU4	BRANA	     51630/7.70	   2      298         13           10	           2     	227       9           16
Cruciferin CRU4	BRANA	     51630/7.70	   5        68           2             5	           5      	  61       2             7
Cruciferin CRU4	BRANA	     51630/7.70	   6      107           4             7	    7     278        9           14
Cruciferin CRU4	BRANA	     51630/7.70	   7      119           5             8	    8     174        6           15
Cruciferin CRU4	BRANA	     51630/7.70	   8      237           7           10	    9     114        4             5
Cruciferin CRU4	BRANA	     51630/7.70	   9      262          10          10	  10     170        5             7
Cruciferin CRU4	BRANA	     51630/7.70	  10     139           5             7	  11       49        2             7
Cruciferin CRU4	BRANA	     51630/7.70	  11     237           6           14	  12     167        4             7
Cruciferin CRU4	BRANA	     51630/7.70	  12       75           2           12	  17     103        2             5
Cruciferin CRU4	BRANA	     51630/7.70	  13     104           8           20	
Cruciferin CRU4	BRANA	     51630/7.70	  14      56            4           10	
Cruciferin CRU4	BRANA	     51630/7.70	  15      68            3           10	
Cruciferin CRU4	BRANA	     51630/7.70	  16    139            3           10	
Cruciferin CRU4	BRANA	     51630/7.70	  17    204            5           11	
Cruciferin CRU1	BRANA	     56867/7.64	   3     160            7           21	 
Cruciferin CRU1	BRANA	     56867/7.64	   4     217           11          17	
Cruciferin CRUA	BRANA	     54010/6.84	  18    116            2           11  	  13     220        6           12
Cruciferin CRUA	BRANA	     54010/6.84	  20    169            4           11	  14     181        4             8
Cruciferin CRUA	BRANA	     54010/6.84	  21      98            3            6 	  15       98        4           11
Cruciferin CRUA	BRANA	     54010/6.84	  22     124           5           11 	  16       93        3             7
Cruciferin CRU3Cruciferin CRU3Cruciferin CRU312S seed storage proteinHeat shock  HSP7E protein	BRANABRANABRANAARATHARATH	     56867/7.64      56867/7.64                                          56867/7.64     52905/7.68     71270/5.30	                                                         19     149           3            5  23      45            2            8	    3     107        4             9    4     104        4            21    6       85        3            10







Concentration of intact glucosinolates (g/kg) determined in rapeseed meals and protein isolates

Extraction process	Sample type	Progoitrin	Gluconapin	Glucobrasssicanapin
Cold-pressed	MealIsolate	2.52±0.16AaND	0.68 ± 0.12BaND	0.45 ±0.02BaND
Solvent-extracted	MealIsolate	1.25±0.17AbND	0.66 ± 0.13BaND	0.26 ± 0.04CbND
Different capital letters denote significant differences within rows (P<0.05) 
























Fig. 1. One-dimensional SDS-PAGE (reducing conditions) of cold-pressed (CP) and solvent-extracted rapeseed meal proteins compared to molecular weight markers (MM).

Fig. 2. One-dimensional SDS-PAGE of cold-pressed rapeseed meal (RM) and protein isolate (PI) compared to molecular weight markers (MM).

Fig. 3. Two-dimensional IEF/SDS-PAGE of cold-pressed rapeseed meal protein isolate.  Protein spots identified by LC-MS/MS are circled and numbered in accordance with Table 2.

Fig. 4. Two-dimensional IEF/SDS-PAGE of solvent-extracted rapeseed meal protein isolate.  Protein spots identified by LC-MS/MS are circled and numbered in accordance with Table 2.
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